Abstract Spontaneous bacterial peritonitis (SBP) is a severe complication of liver disease. A significant proportion of patients have culture-negative ascites, despite having similar signs, symptoms and mortality to those with SBP.
Introduction
Spontaneous bacterial peritonitis (SBP) is a common and severe complication in patients with cirrhosis and ascites [1] , occurring in 10-25% of patients, with an in-hospital mortality rate ranging from 20 to 40% [2] [3] [4] [5] . The development of SBP requires bacteria to be present in the ascitic fluid, with a likely preclinical phase prior to the development of symptoms. Improving the ability to rapidly characterise the bacterial content of ascitic fluid would have major clinical benefits. Early bacterial detection and characterisation would allow targeted intervention to prevent the development of SBP, or where peritonitis is already present, treatment with the most appropriate therapy. Further, access to such data would allow the effective monitoring of treatment efficacy.
Culture-based analysis of ascitic fluid has shown that a wide range of bacterial species can be isolated. Common Gram-negative bacteria such as Escherichia coli and other coliforms such as Klebsiella spp. have been reported to be causative agents in at least 50% of cases [6] [7] [8] [9] [10] . Other causative organisms reported have included pneumococci, streptococci and miscellaneous Gram-positive and other Gram-negative organisms [6] [7] [8] [9] [10] .
Despite this, even where the most modern practice is applied, ascites fluid culture is negative in approximately 20% of patients with clinical manifestations suggestive of SBP, including elevated ascites polymorphonuclear leukocyte (PMN) counts [11] . Where there is evidence of infection, delaying treatment until the ascitic fluid culture grows bacteria may result in the death of the patient from overwhelming infection [11] . Therefore, empirical antibiotic treatment for SBP is initiated when objective evidence of a local inflammatory reaction is present, i.e. an elevated ascites PMN count (≥250 cells/mm 3 ), without prior knowledge of the causative organisms or their antibiotic susceptibility [12] . Patients with a PMN count ≥250 cells/ mm 3 but whose ascites is culture-negative (sometimes referred to as culture-negative neutrocytic ascites [13] ) have similar signs, symptoms and mortality as patients with SBP [12] [13] [14] [15] , suggesting the presence of bacterial species that are refractory to culture under standard conditions or that are present at relatively low concentrations [12] .
The limitations of culture-based identification of bacteria in clinical samples is increasingly well recognised in other contexts [16, 17] . The reporting of false-negative results, where no causative agent(s) are observed using traditional culture-based diagnostic microbiological analysis of samples, have been shown to occur in many infective scenarios [18] . In contrast to culture-based methodologies, the rapid and accurate identification of bacteria in clinical samples using molecular, culture-independent approaches has led to the rapid proliferation of the use of such strategies [19, 20] . Their particular strength is in their ability to detect bacterial species, regardless of whether these species can be grown readily in vitro. In the study presented here, we investigated the potential of three culture-independent strategies to characterise the bacterial content of ascites fluid. These strategies included the determination of overall bacterial diversity present by terminal restriction fragment length polymorphism (T-RFLP) profiling, the confirmation of species identities through 16S ribosomal gene clone sequence analysis and the determination of total bacterial load through quantitative polymerase chain reaction (PCR). These techniques have been shown in other contexts to provide data on both the size and nature of the bacterial load present within clinical samples [16, 18, 20] . Here, we report their first application to the analysis of ascitic fluid. In doing so, we hypothesised that a range of different bacterial species would be present in these samples that were not habitually detected by conventional culture-based assessment. In this initial study, we demonstrate the feasibility of these approaches to study bacteria without cultivation from ascitic fluid. We also discuss the potential that such strategies hold for future investigations into the aetiology and treatment of SBP.
Materials and methods

DNA extraction from ascites samples
Samples were obtained from 29 cirrhotic patients undergoing clinically indicated therapeutic paracentesis for tense ascites at Southampton General Hospital, Hampshire, UK, under full ethical approval (see Table 1 ). Approximately 20 ml of ascites were centrifuged at 6,000g for 10 min in 50 ml Oak Ridge tubes (Nalgene Labware), with the resulting pellets resuspended in 0.5 ml of sterile phosphate-buffered saline (PBS) and stored at −80ºC.
DNA extraction from ascites cell pellets was performed using the QIAamp DNA Mini Kit (Qiagen, Crawley, UK) in accordance with the manufacturer's instructions. Cell pellets were resuspended in 200 µl PBS for extraction and eluted in a volume of 50 µl of sterile distilled water. Extracted DNA was verified by TAE agarose gel electrophoresis as described below.
PCR amplification, restriction endonuclease digestion and T-RFLP profiling PCR amplification, restriction endonuclease digestion and T-RFLP profiling were performed as described previously [21] .
Quantitative PCR All quantitative PCR analyses were performed in triplicate. The total bacterial load was determined using TaqMan assay, which amplified a 466-bp fragment (as determined for E. coli) of the 16S ribosomal RNA gene, using the forward primer EubF (5′-TCCTACGGGAGG CAGCAGT-3′), the reverse primer EubR (5′-GGACTAC CAGGGTATCTAATCCTGTT-3′) and the probe EubPR (5′-FAM-CGTATTACCGCGGCTGCTGGCAC-TAMRA-3′), as described previously by Nadkarni et al. [22] . Quantitative PCR assays were performed using the RotorGene 6000 (Qiagen, Crawley, UK). All primers and probes were manufactured by Integrated DNA Technologies, Leuven, Belgium. Bacterial primers and probe were used at a concentration of 100 nM each and the probe at a concentration of 250 nM.
Each reaction contained 1× LightCycler 480 Probes Master mix (Roche, Welwyn Garden City, UK) and 4 µL of template, the total reaction volume being 20 μL. Quantitative PCR was performed in 50-µL plastic capillaries (Qiagen, Crawley, UK) as follows: 95°C for 5 min, followed by 45 thermal cycles, with each cycle comprising a step at 95°C for 10 s and a step at 60°C for 45 s with fluorescence acquisition (at 510 nm) at the end of each 45-s 60°C step. A positive was read as a fluorescence curve at 510 nm giving a cycle threshold (CT) value of <35.
Load per ml was determined by comparison with standard curves generated from bacterial isolates. A methicillin-sensitive Staphylococcus aureus (MSSA) standard curve was used for bacterial load estimations. The bacterial assay was also tested against the other standard curves (Pseudomonas aeruginosa, Streptococcus pyogenes and E. coli) to test for any variation in load estimation between different species with different 16S ribosomal RNA gene copy numbers. Separate nutrient broth cultures of MSSA (ATCC 29213), P. aeruginosa (NCTC 12934/ATCC 27853), S. pyogenes (ATCC 19615) and E. coli (NCTC 12241/ATCC 25922) isolates were incubated at 37°C for 16 h, and the cfu/ml values were estimated by incubation of dilutions (n=4) on Columbia blood agar at 37°for 24 h, followed by colony counts. DNA was extracted from ten-fold dilutions of these broth cultures in the same way as for the sputum and quantitative PCR was carried out as above on the DNA extracts. "No template" controls were included in all PCR reactions to serve as a reporter for the bacterial contamination of PCR reagents.
Clone sequence analysis 16S rRNA gene clone sequence analysis was performed as described previously [21] . Sequences obtained in the present study were stored under accession numbers FN554266 to FN554372.
Results
Culture-based diagnostic microbiology
Routine diagnostic microbiology was performed on samples from all patients within this study. All samples collected in universal containers were found to be culturenegative when analysed by standard ascites microscopy, culture and sensitivity (MC&S). Samples from a subset of patients (Patients 1-5, 8 and 10-29) were also inoculated into blood culture bottles prior to transfer to the laboratory. Of these, all but three were again culture-negative; Enterococcus faecalis, Alcaligenes xylosoxidans and a Gram-positive bacillus were isolated from Patient 1, Streptococcus mitis from Patient 3, and a Gram-negative bacillus from Patient 8. These data are summarised in Table 1 .
Culture-independent analysis: (i) determination of bacterial load using quantitative PCR Quantitative PCR was used to quantify the bacterial load in each of the ascites samples and was performed in triplicate in each case. Bacterial loads ranged from 5.5 × 10 2 to 5.4 × 10 7 cfu/ml, with a mean value of 1.9 × 10 6 cfu/ml (standard deviation ± 9.6 × 10 6 cfu/ml). Bacterial loads for each individual sample are shown in Table 1 .
Culture-independent analysis: (ii) T-RFLP
The number of bands resolved in T-RFLP profiles generated from the ten ascites samples ranged from 0 to 22, with a mean of 8.5 (± 5.1). A total of 79 different T-RF band lengths were detected in the sample set as a whole. The percentage values for the total signal detected for each T-RF band length in each sample profile are shown in Fig. 1 .
No T-RF band lengths detected was common to all of the samples analysed. However, the most commonly detected T-RF band was 155 bases, corresponding with that derived from P. aeruginosa, and was resolved in 24 of the 29 samples. A T-RF band of 209 bases was resolved in 12 samples, corresponding to that derived from a range of bacterial species, including Actinomyces spp., Burkholderia spp., Chromohalobacter spp., Halomonas spp., Kingella spp., Nitrosomonas spp., Pseudomonas spp., Psychrobacter spp., Ralstonia spp., Simonsiella spp. and Stenotrophomonas spp. T-RF bands of 241 bases and 377 bases were each resolved in 9 of the 24 samples, corresponding with those predicted for Bacillus spp. and Clostridium spp., and for Clostridium spp., Eubacterium spp., Vibrio spp., Lachnospira spp. and Syntrophomonas spp., respectively. A T-RF band of 82 bases, corresponding with the predicted band length for both Deinococcus spp. and Sphingomonas spp., was resolved in 8 of the 24 samples. In addition, there were two T-RF band lengths resolved in seven of the samples, four resolved in six samples, seven resolved in five samples, six resolved in four samples, nine resolved in three samples and 14 resolved in two samples.
Culture-independent analysis: (iii) 16S rRNA gene sequences Clone sequence analysis was performed on three of the ten samples selected at random (samples from Patients 6, 7 and 8). This process identified 24 separate bacterial species or phylogenetic groups in the 107 cloned sequences analysed (Table 2 ). In Patient 6, only one species, E. faecium, was identified. In contrast, the clone sequences derived from the samples obtained from Patients 7 and 8 were Comparison of culture and T-RFLP data As above, bacteria were isolated by culture from three of the samples; E. faecalis, A. xylosoxidans and an unidentified Gram-positive bacillus from sample 1, S. mitis from sample 3 and an unidentified Gram-positive bacillus from sample 8. A band corresponding to A. xylosoxidans (571 bases) was detected in sample 1 and represented 0.7% of the total profile signal, but no band corresponding to E. faecalis (218 bases) was detected in this sample. A band corresponding to S. mitis (574 bases) was detected in sample 3 and represented 1.08=1.1% of the total profile signal. In both samples 1 and 8, T-RF bands were resolved that correspond to the band length predicted for a number of Gram-positive bacilli, including those predicted for both Bacillus and Streptococcus spp., were detected. However, due to the lack of specificity of culturebased characterisation, it was not possible to determine which bands might correspond to the reported culture isolate.
Comparison of 16S rRNA gene sequence libraries and T-RFLP data
In the case of Patient 6, the only species to be identified through clone sequence analysis, E. faecium, produced a T-RF band of 218 bases in length. A 218-base T-RF band was the second most intense band in the T-RFLP profile generated from this sample (23.9% of the total profile signal). In the case of Patient 7, the phylogenetic groups most highly represented in the clone sequences were members of the genus Acinetobacter (27% of clones), members of the genus Bacillus (11% of clones) and members of the genus Lysinibacillus (11% of clones). T-RF bands consistent with all of these groups were detected in the corresponding T-RFLP profile, and represented 15.3, 4.8 and 3.5% of the total T-RF profile signal, respectively. In the case of Patient 8, the phylogenetic groups most highly represented in the clone sequences were S. aureus (33% of clones), P. acnes (17% of clones) and members of the genus Acinetobacter (14% of clones). T-RF bands consistent with S. aureus were detected in the corresponding T-RFLP profile, and represented 26.3% of the total T-RF profile signal. However, T-RF bands corresponding to P. acnes and members of the genus Acinetobacter were not resolved. 
Discussion
The results presented here represent a significant development in this important clinical field. Ascitic fluid state should no longer be considered as either sterile or infected, but instead to be part of a spectrum that includes both polymicrobial colonisation and clinically evident infection.
Despite improvements in the analysis of ascites fluid [7] , a significant proportion of patients who have clinical manifestations suggestive of SBP, including elevated levels of ascites PMN, have culture-negative ascites. This results in empirical antibiotic treatment for SBP often being initiated without the identification of infective agents, greatly hampering the selection of the most appropriate treatment strategy. This problem is not limited to the analysis of ascites, and the inability of traditional bacteriological culture-based diagnostics to accurately characterise the microbial content of clinical samples is well recognised [16] . The inadequacy of culture-based assays to provide sufficiently rapid, accurate and comprehensive data on which to base clinical decisions has led to the development and use of culture-independent, molecular strategies in an increasing number of clinical contexts. The rationale for taking a culture-independent approach in this study was underpinned by earlier studies that have shown bacterial DNA in fluid from approximately 40% of cirrhosis patients with culture-negative, non-neutrocytic ascites [23, 24] . Moreover, the presence of bacterial DNA has recently been shown to be associated with an increased risk of developing SBP [25] . Here, we describe the first application of molecular, culture-independent techniques to the characterisation of bacteria in ascitic fluid samples.
Culture-independent quantitative PCR was used here to determine the total bacterial load in the samples analysed. This process employs PCR primers specific and conserved to regions of a gene across all different types of bacterial cells. Despite the high proportion of culture-negative samples, bacteria were detected in 28 of the 29 samples, with an average load equivalent to ca. 1.9 × 10 6 cfu/ml, confirming the sensitivity of this molecular strategy, and again underlining differences between culture-based and culture-independent approaches. It should, however, be noted here that, in some instances, the bacterial loads detected were low. Therefore, were smaller volumes of ascites fluid available for analysis, the detection of bacteria may not have been achieved. This underlines the importance of basing molecular analyses such as these on an appropriate sampling system. A further consideration is the impact that differences in ribosomal operon number and growth rates between the bacteria present in the sample and those used to generate quantitative PCR calibration curves may have [22] . No significant difference in PCR amplification efficiency were identified in the calibration curves generated from S. aureus, S. pyogenes, P. aeruginosa or E. coli; however, the use of S. pyogenes, P. aeruginosa or E. coli rather than S. aureus led to log 10 changes in mean cfu/ml values of +1.10, +0.79 and −1.78 respectively. Whilst it was felt that the values derived from comparisons with the S. aureus curve represented a compromise between these values, it should be noted that such differences between cultures used to calibrate quantitative-based, broad-spectrum, bacterial PCR can significantly affect the absolute bacterial load values obtained, which should, therefore, be treated with caution.
The detection of bacterial species through cultureindependent means that is presented here is all the more significant given that these patients were undergoing paracentesis for volume-related symptoms rather than because of a suspicion of sepsis. In the absence of sepsisrelated symptoms and an elevated white cell count (WCC), the ascites has been presumed for practical purposes to be sterile. Our results demonstrate that this assumption is false. Here, we propose that it is more likely that a continuum exists from low-level colonisation in the absence of a neutrophil response or systemic or local infection, through to clinically significant and severe SBP, which develops in only a subset of individuals. The current use of the ascitic WCC to base clinical decisions with help from occasional positive cultures may, therefore, be a vast oversimplification, with the data from this initial study suggesting that this needs to be revisited subsequently. Further, whilst not all of the bacteria that are present in ascites fluid will be clinically significant, the presence of these species should not ignored.
Research based on the approaches used here will enable an iterative process that will, in the longer term, establish which species, at what levels and in what circumstances, are of clinical importance. Culture-independent T-RFLP profiling analysis was used here primarily to determine the diversity and number of bacterial species present. This approach, which has been used extensively to characterise bacteria in samples from a range of clinical contexts [21, 26, 27] , has been shown to be accurate and reproducible. As with any analytical technique, T-RFLP is subject to constraints imposed by detection thresholds, with this approach, as such, resolving the numerically dominant bacterial species. Despite this, the profiles generated from the ascites samples analysed here showed high levels of diversity, with around eight separate species detected per sample. From this, it is particularly important for future studies to determine whether the progression towards peritonitis is typified by an increase in all of the species present or whether certain species best adapted to growing in the peritoneal space expand and become numerically dominant.
Culture-independent 16S ribosomal RNA gene clone sequence analysis is widely regarded as a gold standard for the identification to the species level of bacteria, and was used here to determine the identities of the bacteria present in a subset of samples, resolving 24 separate bacterial species in three samples. By providing detailed and accurate data regarding the identities of species present in ascitic fluid, culture-independent profiling strategies have the potential to distinguish between bacterial peritonitis that has developed spontaneously through the translocation of bacteria from the gut, and that which has developed through the introduction of an indwelling device (secondary bacterial peritonitis). This is illustrated in the clone sequence data presented here-two of the samples analysed contain species commonly found in the gut microbiota, whilst the third is composed mainly of species commonly found on the surface of the skin.
The ability of culture-independent profiling strategies to identify bacterial species not detected by culture was also highlighted here, with the identification of species in four genera that have not previously been reported in the context of peritonitis: Janthinobacterium, Leifsonia, Lysinibacillus and Curvibacter. This finding becomes more interesting, given the relatively limited use of clone sequence analysis in this study. Further, one genus identified in this way, Caulobacter, has previously been reported only once in the context of human infection, isolated, perhaps tellingly, from the dialysis fluid of a patient undergoing peritoneal dialysis [28] .
SBP develops in a significant proportion of individuals shown to have bacteria in their ascites [29] , suggesting the presence of bacteria prior to the development of an elevated PMN count or other evidence of local or systemic infection, which may represent an intermediate stage on the way to infection. However, the development of a rapid, sensitive and accurate method to detect and characterise bacteria in ascites would provide an opportunity to make an appropriate intervention before an infection has been established. Further, where SBP does develop but antibiotic therapy is not effective, the mortality rate is very high, even when antibiotic treatment is appropriately modified [12, 30, 31] . Therefore, assessing the course of the infection is important to recognise treatment failure as early as possible. We suggest that further investigation is now required to determine the potential of molecular profiling strategies to characterise the bacteria present in ascites fluid and provide insight into the development of SPB.
